Abstract Athymic mice, injected with A375 human melanoma cells, were treated daily with intraperitoneal injections of adenosine 5′-triphosphate (ATP). The tumour volume and animal weight were measured over the course of the experiment and the final tumour nodule weight was measured at the end of the experiment. Tumour volume decreased by nearly 50% by 7 weeks in treated mice. Weight loss in untreated animals was prevented by ATP. Histological examination of the excised tumour nodules showed necrosis in the ATP-treated tumours only. The presence of P2Y 1 and P2X 7 receptors, previously proposed as extracellular targets for melanoma treatment with ATP, were demonstrated in the excised specimens by immunohistochemistry. This paper provides further support for the use of ATP as a treatment for melanoma.
Introduction
Malignant melanoma is a very aggressive cancer that originates from melanocytes, the pigment-producing cells of the skin. The incidence of malignant melanoma has doubled every 10 years since the 1950s and it is predicted that by the year 2010, the lifetime risk of the disease will approach 1 in 50 of the United Kingdom population [1] . Around 1,500 patients die each year from malignant melanoma in the UK. Unlike other cancers, metastatic (cancer which has spread around the body) melanoma is virtually untreatable by methods of cancer treatment such as surgery, radiotherapy and chemotherapy. Despite significant advances in the treatment of other cancers, the mortality from melanoma has remained unchanged: 66% of patients with metastatic melanoma will die within 5 years. Alternative forms of treatment for this cancer are, therefore, urgently needed.
Interactions between the nervous system and epidermal melanocytes have been suspected on the basis of their common embryological origin from the neural crest but little published work exists to support this. It has been suggested that melanocytes are innervated by autonomic nerves [2] with both acetylcholine and noradrenaline acting as transmitter molecules [3] . Melanomas, which are tumours of melanocyte origin, have also been reported to have an autonomic innervation which is related to their growth and differentiation [4] .
In addition to its key role in cellular metabolism, where it acts as a ubiquitous enzyme co-factor and as the key source of the cellular energy unique to phosphate bond formation, the purine nucleotide adenosine 5′-triphosphate (ATP) also functions as a potent extracellular messenger producing its effects via a distinct family of cell surface receptors [5] . ATP was shown to be a co-transmitter with noradrenaline in sympathetic nerves in smooth muscle cells of the vas deferens [6] . Sympathetic co-transmission has also been clearly demonstrated in a variety of blood vessels [7] . Co-transmission with acetylcholine in parasympathetic nerves has also been proposed in organs such as the urinary bladder [8, 9] . ATP acts on extracellular receptors which have been cloned and characterised to consist of two families: P2X ion channel receptors with seven subtypes and P2Y G protein-coupled receptors with eight subtypes [5] . ATP acting on these receptors is involved with both rapid signalling in neurotransmission and also long-term signalling in cell proliferation, differentiation and apoptosis [10] .
It has been shown recently that melanoma cells express P1 receptors [11] and P2X 7 receptors [12] . Our work confirms this [13, 14] and also identifies the presence of other P2 receptors; in particular, the P2Y 1 and P2Y 2 subtypes. In vitro work already performed with purinergic receptor agonists, such as ATP and 2′-3′-O-(4-benzoylbenzoyl) ATP (BzATP), has shown that they produce a reduction in melanoma cell number [13, 14] . Inoculation of MF-1 immunocompromised mice, with A375 melanoma cells is a well-established model of cancer research [15, 16] . Athymic mice are deficient in matured T cell maturity and make excellent models of cancer growth with a reported take of cancer cells of 100% after subcutaneous injection. Therapeutic plasma levels of ATP or other adenosine nucleotides have been shown to be easily achieved by administration through the intraperitoneal route [17] .
The objectives of this study are to establish whether purinergic receptor agonists can prevent or reduce melanoma growth and metastasis in vivo by producing a model of melanoma by subcutaneous injection of A375 melanoma cells into immunocompromised mice. These mice are treated by intraperitoneal injection of ATP and the outcome assessed by measurement of tumour volume, tumour weight and animal weight; in addition to histological analysis of the tumour specimens.
Materials and methods

Cell culture
The melanoma cell line A375 [18] was obtained from the Wellcome Trust Functional Genomics Cell Bank (St Georges Hospital Medical School, London, UK). Cell culture medium and reagents were purchased from Sigma (Sigma Chemical Co., Poole, UK). Melanoma cells were grown in 90% Dulbecco's Modified Eagle's Medium (DMEM) and 10% heat-inactivated foetal calf serum supplemented with penicillin (100 U per ml), streptomycin (100 µg per ml) and L-glutamine (2 mM) in 75 cm 2 tissue culture flasks (Corning, New York, USA). Cells were incubated at 37°C in 5% CO 2 /95% air and were subcultured at 70% confluence. Cell number and viability was determined using the trypan blue exclusion method.
In vivo model Twenty 6-to 10-week-old male nude mice, strain MF-1, weighing 25-35 g were used in this study. They were kept under barrier conditions in a pathogen-free environment and had access to food and water ad libitum. On day 1 of the experiment, 5×10
6 A375 melanoma cells were subcutaneously injected, under light general anaesthesia, to induce localised tumour nodules. The injection site was high on the right rear flank. The cells were injected in a 200-µl suspension consisting of 100 μl of sterile Dulbecco's Phosphate Buffered Saline (DPBS; Sigma, Poole, UK) and 100 μl of matrigel (BD Biosciences, Erembodegem, Belgium). The animals were then randomly allocated to two groups of ten which were designated as either the treatment or control group. They were allowed to recover from the procedure. At all times, during the full course of the experiment, the mice were monitored for adverse effects. These included: (a) loss of >15% body weight; (b) tumour weight >10% body weight; (c) ulceration over the tumour; and (d) abnormal behaviour or appearance.
This experiment was designed in accordance with the United Kingdom guidelines for the production of solid tumours [19] .
Intraperitoneal injection of ATP
Ten days post inoculation with A375 melanoma cells, the treatment group of ten mice commenced daily intraperitoneal injections of ATP. The mice had a mean weight of 30 g. Each mouse was injected with 1 ml of 50 mM ATP in a solution of DPBS which was corrected to a pH 6.2 with 1 M NaOH. This dose was equivalent to injecting a 30-g mouse with 1 mg of ATP per gram of body weight. The mice underwent daily injections for 39 days after which they were killed according to Home Office (UK) regulations covering Schedule 1 procedures and approved by the institutional ethics committee.
Measurement of outcome and statistical analysis
Three-dimensional tumour measurements were performed using callipers and the tumour volume was calculated using the formula: 4/3Π(L/2×W/2) 3 where L is long axis and W is mean midaxis width [20] . The animals were weighed at regular intervals. After the animals were killed the tumours were removed and weighed. The results were analysed using an analysis of variance (ANOVA; Excel, Office XP Professional).
Immunohistochemistry
Excised specimens of melanoma were embedded in paraffin for haematoxylin and eosin staining and P2Y 1 receptor immunostaining or frozen for P2X 7 /TdT-mediated dUTP nick end labelling (TUNEL) staining. Paraffin blocks were sectioned at 4 µm on a Reichert-Jung Microtome, and sections were taken on Snowcoat Extra slides (Surgipath, Cambridgeshire, UK), then dried in an oven for 2 h at 60°C. Sections were de-waxed and rehydrated using xylene and graded concentrations of ethanol. Antigen retrieval was performed by microwaving for 10 min in a solution of 1 mM ethylenediamine tetraacetic acid (Tris-EDTA) at pH 9.0. Endogenous alkaline phosphatase was blocked by 20 min of incubation in 20% acetic acid. Sections were washed and then incubated with avidin D blocking solution, biotin blocking solution and 1:5 normal swine serum (Vector Laboratories).
Polyclonal anti-P2Y 1 receptor antibody, corresponding to a 17 peptide sequence of the intracellular portion of the transmembrane receptors was obtained from Alomone Laboratories (Jerusalem, Israel). The antibody was kept frozen at a stock concentration of 0.6 mg/ml and used at a dilution of 1:100. One hundred microlitres of anti-P2Y 1 receptor antibody, diluted 1:100, was applied for 12 h at 4°C. One hundred microlitres of biotinylated anti-rabbit antibody (DAKO E0353), diluted 1:200 in DAKO ChemMate was applied for 30 min followed by 100 µl of streptavidin alkaline phosphatase (Vector SA5100) diluted 1:200 in DAKO ChemMate for 30 min. Vector Red substrate (Vector Alkaline phosphatase substrate, SK5100) made up in 200 mM Tris-HCl (pH 8.2) was then applied for 10 min. Positive staining appeared bright pink, nuclei were counterstained with haematoxylin (purple). All sections were subsequently dehydrated, cleared and mounted. Negative controls were performed by either omission of the primary antibody or preabsorption of the primary antibody with the corresponding peptide sequence.
For immunostaining of frozen cryostat sections, slides were fixed in 4% formaldehyde in 0.1 M phosphate buffer for 2 min. Non-specific binding sites were blocked by a 20-min preincubation with 10% normal horse serum (NHS) in 0.1 M phosphate buffer containing 0.05% Merthiolate, followed by incubation with primary P2X 7 antibody [13] diluted 1:100, with 0.2% Triton x-100, for 12 h at 4°C. Subsequently, the slides were incubated with donkey antirabbit Cy3 (Jackson Immunoresearch, Pennsylvania, USA) diluted 1:300 with 1% NHS in phosphate buffer. Slides were then mounted and examined. Control experiments were carried out with the primary antibody being omitted from the staining procedure or the primary antibody preabsorbed with the corresponding peptide. All other reagents were obtained from Sigma (Poole). Double-labelling with P2X 7 receptor antibodies and TUNEL was performed using a kit (Boehringer Mannheim, Germany). After overnight incubation with P2X 7 receptor antibody diluted to 1:100 as above, sections were washed in phosphate buffered saline (PBS) and then incubated with the TUNEL reaction mixture for 1 h at 37°C. As a negative control, sections were incubated with the TUNEL Label solution only. After further washes in PBS, sections were then incubated with Cy3 conjugated secondary antibody for 1 h, were washed in PBS and mounted. Fig. 1 a The weight of the untreated group of animals decreased over the six week course of the experiment from a mean of 30 g to a mean of 28.2 g. However, in the treated group, the weight of the animals increased from a mean of 30 to 31.8 g. There was a statistically significant difference in the weight of the animals over the course of the experiment (P=0.0038). b There was a statistically significant reduction in tumour volume in the treated group compared to the untreated group (P=0.0163). Tumours in both the treated and untreated groups continued to grow during the course of the experiment but the rate of growth of the untreated group was much higher than that of the treated group. c At the end of the experiment, the tumour nodules were excised and weighed. There was a statistically significant reduction in final tumour weight in the treated group compared to the untreated group (P=0.0156). The tumours from the untreated group had a mean weight of 1.92±0.31 g (n=10) compared to the tumours from the treated group which had a mean weight of 1.15±0.24 g (n=10)
Results
All animals tolerated the subcutaneous injection of cancer cells and the intraperitoneal injections of ATP; they grew and developed normally in other respects and none of the mice had to be killed before the endpoint of the experiment due to any adverse effect.
The time course of the experiment was 49 days. At day 1, the mice were inoculated with cancer cells, at day 10 the injections of ATP commenced and the mice were killed on day 49. After 21 days, there was a clinically obvious development of a palpable tumour nodule in the mice.
Animal weight
The weight of the untreated group of animals decreased over the 6-week course of the experiment from a mean of 30 g to a mean of 28.2 g. However, in the treated group, the weight of the animals increased from a mean of 30 to 31.8 g (Fig. 1a) . There was a statistically significant difference in the weight of the animals over the course of the experiment (P=0.0038).
Tumour volume
There was a statistically significant reduction in tumour volume in the treated group compared to the untreated group (P=0.0163). Tumours in both the treated and untreated groups continued to grow during the course of the experiment but the rate of growth of the untreated group was much higher than that of the treated group (Fig. 1b) . By day 49, there was a nearly 50% reduction in tumour volume in the treated animals.
Tumour weight
At the end of the experiment, the tumour nodules were excised and weighed (Fig. 1c) . There was a statistically significant 40% reduction in the final tumour weight in the treated group compared to the untreated group (P=0.0156). The tumours from the untreated group had a mean weight of 1.92±0.31 g compared to the tumours from the treated group which had a mean weight of 1.15±0.24 g.
Histological examination of excised tumour specimens
The microscopic appearance of the excised tumour nodule from the animal model was similar to the appearance of a normal melanoma when examined with a standard haematoxylin and eosin stain. The tumour nodules excised from the untreated group were solid tumours whereas the specimens from the treated group contained patchy areas of necrosis (Figs. 2a and b) .
In addition, immunohistochemical analysis of the tumour cells for P2Y 1 and P2X 7 receptors (the two receptor subtypes implicated in causing a decrease in cell number and apoptosis, respectively) showed the presence of these receptors.
P2Y 1 receptors were only scarcely distributed in the untreated group of melanomas whereas there was greater P2Y 1 receptor staining in the treated group but this was concentrated around the areas of necrosis (Figs. 2c and d) . Localisation studies for the P2X 7 receptor and TUNEL showed extracellular staining of the P2X 7 receptor and cytoplasmic staining for TUNEL (Fig. 3) . TUNEL identifies cells undergoing apoptosis by labelling nuclear DNA fragments that have been cleaved during apoptosis [21] . There was some overlap of staining, but that TUNEL largely stained the cytoplasm of melanoma cells undergoing apoptosis in the specimens from the group which was treated with ATP. P2X 7 receptor extracellular staining was present in both sets of tissue.
Discussion
We have shown that intraperitoneal injections of ATP inhibit the growth of A375 melanoma cells in an in vivo model. The rate of growth of induced tumours was decreased in the group treated with ATP. The final volume and weight, at 49 days, of the induced tumour nodule was less in the treated group than the untreated group. Weight loss was prevented in those tumour-bearing mice which were treated with ATP. It would be desirable to confirm these findings on other melanoma xenograft models, such as 70-W, C 6181, G361, MeWo, SK-MEL-5 and B16-F10 (see [22] [23] [24] ).
The intraperitoneal route of administration of ATP is the only practical route of access for giving large doses and volumes of ATP in solution to a small animal. Previous experimental work [25] has shown that an intraperitoneal injection of 50 mM of ATP gives a circulating plasma level of 5 μM 5 h post injection, compared to a baseline measurement of 10 nM. The concentrations of ATP needed to produce a decrease in cell number in the previously described in vitro studies [14] are higher than the circulating plasma levels in this in vivo model but still produce an anticancer effect. This can be explained by a single dose of ATP being used in the in vitro system compared to multiple daily injections in the in vivo model. Also, the efficacy of the anticancer effects of ATP in humans is underestimated in in vivo murine studies. This is due to human blood and tissue having a significantly lower level of enzyme activity to breakdown extracellular ATP than a mouse [26] . Intravenous infusions of relatively low levels of ATP into humans has been shown to produce a rapid elevation of circulating ATP levels in both healthy volunteers [27] and cancer patients [28] .
A striking finding in our study is the prevention of cancer-induced weight loss or cachexia. This has been previously described as an effect of ATP treatment of cancer in both murine models of other cancer types [17] and clinical trials [29] . In an in vivo study such as the work presented here it is necessary to ask whether the prevention of weight loss is due to the direct effect of ATP acting on cancer cells or is it mediated by another action of ATP in the animal. Other possible mechanisms of action include the up-regulation of the immune system to combat a growing tumour mediated by increased circulating plasma ATP levels. Purines, such as ATP, have been implicated in priming the immune system and activating immuneresponse cascades [30] . This may be occurring in a whole animal model of cancer leading to a decreased rate of growth of the cancer cells and less weight loss. Also, the liver plays a major role in cancer cachexia. Cancer-induced weight loss is mediated by increased catabolism in the liver to provide energy for the rapidly growing tumour cells. This causes increased gluconeogenesis which increases ATP consumption and decreased glycolysis which decreases ATP synthesis. Following intraperitoneal injection, ATP will pass through the liver following its absorption into the enteric circulation. Therefore, some of this ATP may be used to reducing any weight loss without being associated with its direct effect on the tumour itself.
In this study, we have strong histological evidence for ATP acting directly on the tumour. Firstly, the tumours treated with ATP show areas of necrosis which is not present in the untreated groups when examined microscopically after routine H and E staining. P2Y 1 and P2X 7 receptors have been described to have anti-cancer actions in A375 melanoma cells [13, 14] and in HT168-M1 cells [31] . Very few of the melanoma cells in the untreated group expressed the P2Y 1 receptor, but there were substantially more cells positive for the P2Y 1 receptor in the ATP-treated group and these were concentrated around the areas of necrosis. Finally, we have shown that the P2X 7 receptor mediates apoptosis in melanoma cells. In tumour specimens excised from host mice treated with ATP, there was localisation of extracellular P2X 7 receptors with intracellular TUNEL, a marker of apoptosis.
Regarding the mechanisms underlying the anti-tumour effects of ATP, it appears that ATP has a dual action. Its action via P2Y 1 receptors is to reduce tumour-cell proliferation, while occupation of P2X 7 receptors expressed by the tumour cells leads to apoptotic cell death. These antitumour effects might be counteracted to some extent by adenosine, produced after breakdown of ATP by ectonucleotidase, which is known to promote proliferation of tumour cells, as well as acting as an immunosuppressant [32] [33] [34] [35] [36] . However, adenosine has also been shown to have anti-tumour effects by inhibiting tumour growth via A 3 receptors [37] [38] [39] or by inhibiting apoptosis [40] . Further studies are needed to resolve these contradictory issues.
In summary, ATP has an anti-cancer activity when used to treat athymic MF-1 mice inoculated with A375 melanoma cells and this action appears to be mediated through P2Y 1 and P2X 7 receptors. This study has provided further evidence for a therapeutic role of ATP in the treatment of cancer (see [41] ).
